SUMMARY The clinical, biochemical, and pathological features of an unusual expression of infantile spongy degeneration of the central white matter are presented with emphasis on neuropathological observations. The topographical distribution of the spongy change along with the observed defect in myelination were such as to suggest an arrest in development of the white matter in late foetal life. Of additional interest, in the present case, is the observed deposition of glycogen in the brain, heart, and liver along with a markedly fatty liver. Our findings are compared with those in other cases of so-called spongy degeneration, as well as with certain of the aminoacidurias and, as a consequence, we wish to suggest that the basic pathogenetic factor probably lies in a disturbance of the biochemical energy supply system rather than in a disorder of myelin lipid metabolism per se.
While 'spongy degeneration' has been considered as an expression of a specific clinicopathological entity-that is, van Bogaert- Bertrand type of spongy degeneration (B-BSD) or Canavan's disease (van Bogaert and Bertrand, 1967 )-so-called status spongiosus of the brain has been observed in a variety of neurological disorders (Seitelberger, 1967) . In particular, diffuse spongy change of the central white matter quite similar to that of B-BSD has been reported as a characteristic neuropathological feature in infantile cases of several metabolic disorders, notably those of the genetic aminoacidurias-for example, phenylketonuria (Alvord, Stevenson, Vogel, and Engle, 1950) , maple syrup urine disease (Silberman, Dancis, and Feigin, 1961) , and others (Chou and Waisman, 1965;  Donohue, 1967; Rushton, 1968; Solitare, Shih, Nelligan, and Dolan, 1969) .
According to Seitelberger (1967) , the conditions referred to by the term 'spongy degeneration' are consistent with 'dystrophies of the cerebral transport structures', since the pathogenesis of such spongy change supposedly is closely related to disorders of cerebral transport mechanisms. Recently, Jellinger and Seitelberger 1 Supported in part by NINDS grant NS06882 of the United Public Health Service.
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(1970) presented a thorough review of this complicated neuropathological problem.
The purpose of this report is to describe another example of infantile spongy degeneration of the central white matter, in this instance associated with abnormal glycogen deposition in the brain, liver and heart, and with a markedly fatty liver. CASE REPORT CLINICAL FINDINGS A 4 month old Japanese girl was admitted to the hospital because of retarded physical development. The child was the first born of healthy parents, who were consanguineous (first cousins). She was born at full term, spontaneously, after an uneventful gestation, weighing 3,250 g at birth.
Soon after birth, the child developed episodes of vomiting associated with intermittent low grade fevers. These persisted and at 4 months of age she still had poor head control, a weak cry, and floppy extremities.
Physical examination on admission revealed a poorly nourished infant girl whose face was puffy and pale with an apathetic expression, not unlike that of a doll. The conjunctivae were pale, but nonicteric. The skin was not jaundiced, but was dry with poor turgor. No abnormalities of the heart or lungs were detected. The abdomen was distended, but no Y. Takei and G. B. Solitare ascites was noted. The abdominal veins were slightly engorged. The liver was palpated 7 cm below the right costal margin in the mid-clavicular line, having a smooth non-tender surface with sharp edges. The spleen was not palpable. The extremities were thin and hypotonic. No patellar or ankle reflexes were elicited. No pathological reflexes were present.
Laboratory studies showed a fasting hypoglycaemia with poor response to adrenaline stimula- tion. Liver function tests were only slightly abnormal. The serum protein level was low and the haemoglobin level was 3-2 g/100 ml. (Table 1) .
A clinical diagnosis of von Gierke's disease (glycogenosis type I) was considered. A liver biopsy performed at the age of 5 months revealed a marked accumulation of fat in the hepatic cells with a minimal amount of glycogen present. The nutritional condition of the patient was improved by forced feedings with a well-balanced diet. The anaemia and hypoproteinaemia soon improved. The body weight increased from 5 41 kg to 7 56 kg in three months. Another liver biopsy was taken at the age of 8 months, which showed changes similar to those of the first biopsy-that is, fatty liver-except that a mild degree of portal fibrosis was noted.
Based on the clinical features, laboratory data, and the results of the liver biopsies, the diagnosis of congenital hypertrophic steatosis of the liver was made.
At the age of 9 months, an exploratory laparotomy with an open liver biopsy was done. Biochemical analysis of this tissue was performed (for details, see Tada, Katsushima, Hirono, and Arakawa, 1962) . The pertinent findings were as follows: (1) The content of fat and cholesterol of the liver was remarkably higher than that of normal controls. The glycogen content was not higher in weight percentage of the liver, but, on a protein basis, it was higher than in normal controls. The glycogen isolated from the specimen had no structural abnormality. (2) The specific activity of glucose-6-phosphatase (G6Pase) was decreased, while that of glucose-6-phosphate dehydrogenase (G6PDase) was considerably higher than that of normal controls. The activity of lactic dehydrogenase was slightly elevated, while that of aldolase, phosphoglucomutase, and phosphorylase were all within normal limits. (3) Lipogenesis from glucose was highly activated. Glycolysis was also activated, whereas glycogenesis was at normal level.
Histological and histochemical examination of this liver specimen revealed advanced fatty change with a moderate amount of glycogen around the portal zones, which was considered to be increased over the amount seen in the previous biopsies.
Physical The heart was not enlarged and appeared grossly normal except for slight left ventricular dilatation. While no histological abnormalities were noted, PAS and Best's carmine stains disclosed a large amount of glycogen within the myocardial fibres (Fig. IA) . No sudanophilic material was detected.
The entire gastrointestinal tract was intact except for multiple small, superficial, haemorrhagic ulcerations of the gastric mucosa. Both kidneys showed small multifocal scarring, which was attributed to chronic pyelonephritis. No glycogen or fat storage was in evidence.
The liver was enlarged, weighing 690 g. The cut surface was yellow and greasy with a moderately firm consistency. No abnormalities of the extrahepatic biliary tree were noted. The histological picture was one of marked fatty change with especial involvement of the portal zones with an associated portal fibrosis (Fig. lB,C) . A moderate amount of glycogen was detected in a similar distribution (Fig. ID) . Bile stasis of a moderate degree, most prominent in the pericentral zones, also was seen.
No abnormalities of the spleen were detected. In particular, there was no evidence of fat or glycogen storage. Similarly, no abnormal storage products were found in several samples of skeletal muscle studied.
No microscopic lesions were seen in the endocrine glands.
NEUROPATHOLOGICAL OBSERVATIONS The brain weighed 820 g immediately after removal. After fixation in 10% formalin the brain was further examined. No abnormalities were noted in the leptomeninges or over the surfaces of the brain. Multiple coronal sections revealed the cerebral white matter to be diffusely swollen and soft with a greytan gelatinous appearance. The cerebral cortex was uniformly thin throughout and the junction between grey and white matter was indistinct. The contours of the basal grey masses also were indistinct. In the cerebellum, the folia were well formed, but here also the white matter was soft and gelatinous, though less extensively so than that of the centrum semiovale. A similar appearance of the white matter was observed throughout the brain-stem and spinal cord. The spinal roots and cauda equina as well as the peripheral nerves appeared intact.
Representative sections were removed, embedded in paraffin, sectioned at 6 Vu and stained with haematoxylin-eosin, Nissi, Kluver-Barrera, Bodian (Fig. 2) . Because of these changes, the normal laminar cytoarchitecture was, in general, obscured except for the superficial layers. In the deeper layers of the cortex, there was a severe status spongiosus, apparently in direct continuity with identical changes in the subjacent white matter. The neurones in these regions were apparently diminished in number. In the hippocampus, however, the pyramidal neurones of the Ammon's horn configuration were well preserved together with the small neurones of the fascia dentata. But here also numerous Alzheimer type II astrocytes were found.
The cerebral white matter revealed an extensive status spongiosus involving uniformly the entire centrum semiovale, extending into the deeper cortex across the subcortical U-fibres (Fig. 2) (Fig. 3A,B) . The axonal population was markedly diminished, but those that remained appeared intact except for occasional kinking and swelling (Fig. 3B,C) Infantile spongy degeneration of the central nervous system affected. Interestingly, here, there were fairly large numbers of interfascicular oligodendroglia. The basal grey structures showed more or less marked spongy change. Their nerve cells were decreased in number and Alzheimer type II astrocytes were found here and there. Severely affected were the thalamus, putamen, and globus pallidus, bilaterally; whereas the caudate nucleus and hypothalamic nuclei were less involved. The scattered islands of fibre bundles in the striatum showed severe spongy change in contrast with the surrounding grey substance. There were only a few oligodendroglia seen in such spongy islands.
The subthalamic nuclei, red nucleus, and substantia nigra showed changes similar to those seen in the basal grey matter and the white matter revealed a severe status spongiosus as noted in the cerebrum.
Nerve cell loss in the pontine nuclei was quite marked, representing the most severely affected grey matter in the brain. The white matter showed variable degrees of status spongiosus. In the myelin preparations, however, some fibre tracts disclosed well-preserved myelin sheaths. These included the lemniscus medialis, tractus longitudinalis medialis, brachium conjunctivum, tractus mesencephalicus nervi trigemini, fibrae cruciantes nervi trigemini, and filia radiculata nervi trigemini (Fig. 4a) .
The changes observed in the medulla were quite similar to those found elsewhere. The lemniscus medialis was well myelinated at this level also. The inferior olivary nuclei were well preserved, contrasting with the spongy white matter surrounding them.
The cytoarchitecture was essentially normal throughout the cerebellar cortex. The interfolial white matter was involved in variable degrees with spongy change which extended to the intrafolial white matter (Fig. 3B) . The deeper white matter, especially around the dentate nucleus, was less affected. The neurones of the dentate nuclei were decreased in number, having a moderately spongy background. The remaining neurones were all shrunken with scanty eosinophilic cytoplasm. Numerous Alzheimer type II astrocytes were found in the dentate nuclei.
The neurones of the grey matter of the spinal cord were well preserved throughout, although their background was variably spongy. While the white matter was involved in a manner similar to that seen elsewhere, there definitely were preserved fibre tracts at multiple levels. The dorsal columns were almost normally myelinated, having a very minimal spongy appearance. The tractus spinocerebellaris dorsalis was also well preserved bilaterally (Fig. 4B) . The dorsal as well as ventral roots showed no abnormalities.
The peripheral nerves and cauda equina roots were all normal.
In addition to the above described histological features there was the striking finding of glycogen, demonstrated by PAS reaction and Best carmine stain and confirmed by saliva digestion, diffusely distributed throughout the central nervous system, mainly in the grey matter with frequent perivascular accumulation (Fig. 3D) . The glycogen deposits were located chiefly in the neuropil, but occasionally were found in neuronal as well as glial perikarya. In the spongy white matter, the glycogen granules were much less dense and were smaller in size than those in the grey matter, and scattered in the remaining neuropil. Interestingly, the better preserved tracts contained lesser amounts of glycogen than the more severely affected white matter. van Creveld (1939) and Kleinbaum (1957) , totally dependent upon the histological examination of the liver-that is, upon the predominant material stored in the organ (fat-steatosis; glycogen-von Gierke). However, it is not unusual to find an accumulation of fat in the liver in von Gierke's disease (Koch, 1954) and since an abnormal accumulation of fat in the hepatic parenchyma is considered to be the most common, non-specific reaction of the liver to various pathological conditions (Lombardi, 1966) , the existence of 'congenital hypertrophic steatosis of the liver' as a clinicopathological entity is questionable. Furthermore, since Cori and Cori (1952) discovered G6Pase deficiency in von Gierke's disease, a biochemical criterion for the disease has been established and on this basis several other types of glycogenoses have been elucidated.
CHEMICAL ANALYSIS
In the present case, a biochemical analysis, including manometric and isotopic studies, was carried out on material obtained at liver biopsy at the age of 9 months, revealing, in addition to a decreased activity of G6Pase-in much the same manner as seen in von Gierke's disease-a markedly elevated activity of G6PDase, which is unusually decreased in cases of von Gierke's disease (Weber and Harpur, 1960) . These biochemical studies have been published previously by Tada et al. (1962) . They considered that this marked elevation of G6PDase activity might be the point of delineation between 'congenital hypertrophic steatosis of the liver' and von Gierke's disease; however, this requires further elucidation as the post-mortem examination disclosed glycogen in various organs.
One of the unique features of the present case is the finding of extensive status spongiosus with an abnormal deposition of glycogen in the central nervous system. Feigin and his colleagues (Feigin and Budzilovich, 1966; Feigin, Pena, and Budzilovich, 1968) have indicated that spongy change in the central nervous system (CNS) could result from the evolution ofgaseous carbon dioxide in the tissue, preterminally or shortly after death, and that this carbon dioxide is formed by the breakdown of glycogen presumably deposited in the affected tissue as a consequence of the underlying disease state with subsequent decarboxylation of its products. Thus, they considered that the status spongiosus does not reflect the pathological anatomy of a disease process present in life and may not be a valid basis for delineating a nosological entity. The mechanism they propose might have played a role in the development of the extensive spongy change of the white matter in the present case, because of the abnormal glycogen deposition. However, the grey matter in the present case, where a large amount of glycogen remained in the tissue, showed only a minimal sponginess in the deeper layers. It has yet to be clarified as to why only the glycogen in the white matter might be decarboxylated and that in the grey matter remain in the tissue. Furthermore, recent data do not support Feigin's hypothesis (Jellinger and Seitelberger, 1970) .
Increased water and reduced myelin lipid content were found in the brain in the present case. Similar findings have been noted not only in cases of B-BSD, but also in other conditions such as phenylketonuria (Crome, Tymms, and Woolf, 1962; Menkes, 1966) and maple syrup urine disease (Prensky and Moser, 1966; and Prensky, Carr, and Moser, 1968) . Based on chemical analysis, Kamoshita, Rapin, Suzaki, and Suzaki (1968) considered B-BSD to be primarily a disease of chronic oedema, with the myelin loss being secondary to water accumulation. Elec-tronmicroscopically, the location of such abnormal accumulation of water has been determined as being interlamellar-that is, within the myelin sheath in brain biopsy of B-BSD (Adachi, Wallace, Schneck, and Volk, 1966; Gambetti, Mellman, and Gonatas, 1969) . However, (Langworthy, 1933; Yakovlev and Lecours, 1967; Rorke and Riggs, 1969) . In other words, the spongy change and associated myelin defect were much more severe in those tracts which are normally myelinated later in development. Preservation of such fibre tracts has been described in cases of B-BSD by van Bogaert and Bertrand themselves (1967) . It has been noted also in some cases of the aminoacidurias (Alvord et al., 1950; Silberman et al., 1961) . Furthermore, in the case of Solitare et al., (1969) , a defect in myelination was noted, but was seen in non-spongy regions as well. In such instances, mechanisms other than oedema are required to account for such faulty myelination. It seems more likely that the oedema is a consequent or concomitant phenomenon, and that while the responsible factor for the spongy change is unknown, a basic metabolic derangement, which apparently also results in an arrest of myelination at certain stages of development, is the primary factor and remains to be elucidated.
It is well known that myelin sphingolipids contain long-chain fatty acids and that the length of fatty acid chain of cerebrosides and sulphatides increases during maturation (O'Brien, 1964; O'Brien and Simpson, 1965; StiillbergStenhagen and Svennerholm, 1965; Kishimoto and Radin, 1966; Pilz, 1968) . It is quite possible that high energy is required for the synthesis of such long-chain fatty acids (from C16 or C18 to C22 or C24), although the exact mechanism is still not fully understood. According to Richter (1955) , the energy supply of the foetal brain depends mostly upon glycolysis, whereas during postnatal life it depends upon the cytochrome oxidase system along with the development of mitochondria. Assuming that there is a defect in the cytochrome oxidase system in the brain, or that there is a metabolic error which results in suppression or malfunction of such system, the energy supply of the brain presumably would be forced to depend upon glycolysis, which might not be sufficient for myelination of the later developing tracts of the brain, whereas the primitive part would be completed. Such defects in myelination are known to occur as a result of suppression of the cytochrome oxidase system in the disease of young lambs known as swayback (Barlow, Purves, Butler, and Macintyre, 1960; Howell, Davison, and Oxberry, 1964) . With regard to phenylketonuria, several investigators have suggested that there may be a disturbance of the intracerebral elongation process of longchain fatty acids (Foote, Allen, and Agranoff, 1965; Gerstl, Malamud, Eng, and Hayman, 1967; Cumings, Grundt, and Yanagihara, 1968) . In experimental conditions, phenylpyruvate has been shown to have an inhibitory effect on oxygen consumption by whole homogenate or slices of rat brain (Howell and Lee, 1963; Itoh, 1965) , as well as by a mitochondrial fraction isolated from the cerebral cortex of immature rats (Gallagher, 1969) . In cases of B-BSD, abnormal mitochondria have been found in the glial cells of the white matter by electronmicroscopic studies of brain biopsies (Adachi, et al., 1966; Gambetti et al., 1969) . ATPase deficiency also has been noted in such abnormal mitochondria (Adachi et al., 1966; Johnson, 1970) . Since a considerable portion of the energy produced by mitochondrial respiration is coupled to the so-called ionic pump-that is, Na+-K+-dependent ATPase (Whittam and Blond, 1964) which regulates the permeability of the plasma membrane to ion and water (Skou, 1965; Harreveld, 1968) -it has been suggested that, if the mitochondria fail in their role in energy supply, a derangement of the ionic pump mechanism could occur with resulting accumulation of water, which would cause status spongiosus in the tissue (Jellinger and Seitelberger, 1970) . One may consider, therefore, that the most crucial biochemical disturbance in the spongy degenerations of the white matter lie in the energy supply system-that is, mitochondrial system-rather than in the myelin lipid metabolism itself.
Of the six types of glycogenoses as presently determined, none, to the best of our knowledge, has been reported to develop diffuse spongy change of the central white matter. Among the cases of B-BSD, reported in the literature, there are several cases in which fatty change was observed in the liver (see van Bogaert and Bertrand, 1967) . However, in these instances, hepatomegaly was not a presenting feature and the histological changes in the liver were regarded as a non-specific reaction of the organ. In the present case, there was a marked hepatomegaly due to abnormal accumulation of fat and glycogen as well as glycogen storage in the myocardium. The uncommon association of such visceral changes with the extensive status spongiosus and glycogen deposition in the CNS distinguishes our case from other related cases. Thus, the question arises as to whether the thesaurismotic changes and the spongy degeneration are merely a coincidental association, or are, in fact, a manifestation of a single disorder.
The combination of spongy change in grey and/ or white matter and diffuse hypertrophy of astrocytes with the appearance of Alzheimer type II (and type I) cells has been observed in various liver diseases (see Jellinger and Seitelberger, 1970) . In these cases, the CNS lesions usually are regarded as secondary to the liver damage with associated hepatic dysfunction and such are considered as hepatic encephalopathies. In animal experimentation the simultaneous occurrence of spongy change in the CNS and hepatic lesions has been produced by Cuprizone (Suzuki and Kikkawa, 1969) . In the present case, on the other hand, the enzymatic studies revealed that there were (1) decreased activity of G6Pase, (2) increased activity of G6PDase and (3) elevated lipogenesis (Tada et al., 1962) . According to Dawes and Shelley (1968) , the activity of G6Pase is very low or non-existent in the foetal liver and increases after birth, whereas that of G6PDase is very high in the foetal liver and then gradually decreases with postnatal development. Lipogenesis is also very active in the foetal liver. Accordingly, the liver of the present case may be considered to have an enzymatic pattern compatible with that found in the late foetal liver. Thus, generally speaking, the changes in the liver and those of the central nervous system could be regarded as being analogous in that they displayed patterns normally found in late foetal life. Although the aetiology and pathogenesis of the disease remain obscure, one may consider the condition seen in the present case as representing a failure of metabolic adaptation to postnatal life, thereby resulting in an arrest of certain structures at a stage of late foetal life, associated with an excessive accumulation of fat and glycogen in the involved organs.
